The facile abstraction of bis-allylic hydrogens from polyunsaturated fatty acids (PUFAs) is the hallmark chemistry responsible for initiation and propagation of autoxidation reactions. The products of these autoxidation reactions can form cross-links to other membrane components and damage proteins and nucleic acids. We report that PUFAs deuterated at bis-allylic sites are much more resistant to autoxidation reactions, because of the isotope effect. This is shown using coenzyme Q-deficient Saccharomyces cerevisiae coq mutants with defects in the biosynthesis of coenzyme Q (Q). Q functions in respiratory energy metabolism and also functions as a lipid-soluble antioxidant. Yeast coq mutants incubated in the presence of the PUFA α-linolenic or linoleic acid exhibit 99% loss of colony formation after 4 h, demonstrating a profound loss of viability. In contrast, coq mutants treated with monounsaturated oleic acid or with one of the deuterated PUFAs, 11,11-D 2 -linoleic or 11,11,14,14-D 4 -α-linolenic acid, retain viability similar to wild-type yeast. Deuterated PUFAs also confer protection to wild-type yeast subjected to heat stress. These results indicate that isotopereinforced PUFAs are stabilized compared to standard PUFAs, and they protect coq mutants and wild-type yeast cells against the toxic effects of lipid autoxidation products. These findings suggest new approaches to controlling ROS-inflicted cellular damage and oxidative stress.
, or lipid peroxidation, is a consequence of life in an oxygen-enriched atmosphere. This process is detrimental to the cell and has been linked to age-related degenerative diseases [1] [2] [3] and is associated with apoptosis [4] . However, PUFAs such as linoleic acid (Lin; 18:2, n-6) and α-linolenic acid (αLnn; 18:3, n-3) are essential fatty acids for humans and many animals and are important constituents of membranes. Mitochondrial membranes are particularly enriched in PUFAs, which are present in 80% of the total phospholipids. PUFAs are vital for optimal function of respiratory electron transport and oxidative phosphorylation, but are easily damaged, reacting with reactive oxygen species (ROS) through a chain reaction mechanism [5] (Fig. 1) . In addition to deteriorating membrane fluidity [6] , oxidized PUFAs relay oxidative damage to other biomolecules, most notably proteins and DNA [7] , through reactive carbonyl compounds such as malondialdehyde (MDA), 4-hydroxynonenal (HNE), and 4-hydroxyhexenal (HHE). HNE and HHE are both small-molecule 4-hydroxyalkenals, but have profound differences in solubility and react distinctly with phospholipid and protein targets [8] [9] [10] .
Lipid oxidation can have significant downstream effects and possibly play a major role in cell signaling pathways. For example, the mitochondrion-specific lipid cardiolipin makes up 18% of the total phospholipids, and 90% of the fatty acyl chains are unsaturated (primarily Lin) [2] . Oxidation of cardiolipin may be one of the critical factors initiating apoptosis by liberating cytochrome c from the mitochondrial inner membrane and facilitating permeabilization of the outer membrane [4, 11] . The release of cytochrome c, in turn, activates a proteolytic cascade that culminates in apoptotic cell death [12] .
The success of antioxidant therapies targeting oxidative damage of PUFAs has been limited. Indeed, much controversy surrounds the in vivo function of vitamin E as a chain-terminating antioxidant [13] . The controversies and confusion surrounding antioxidant therapies may be due to several reasons, including the near-saturating amount of antioxidants already present in living cells [14] , the importance of ROS in cell signaling [15] and other processes [16] , and the importance of low levels of ROS for hormetic (adaptive) upregulation of protective mechanisms [17] . In fact, the wide array of lipid autoxidation products constitutes a very complex assault that cannot be effectively neutralized by simple chain-termination strategies. For example, reactive α,β-unsaturated carbonyls formed by PUFA peroxidation are still capable of altering the cellular redox status by depleting cellular sulfhydryl compounds such as glutathione. The toxicity of oxidized forms of some antioxidants [14] may also be an important factor. The vitamin E radical itself can abstract hydrogen from PUFAs, albeit at a much lower rate compared to other ROS [5, 18] . Antioxidants therefore provide a far from perfect defense against PUFA autoxidation.
The bis-allylic H atoms constitute the vulnerable sites of PUFA autoxidation [19] . Site-specific "isotope reinforcement" of PUFAs at oxidation-prone bis-allylic sites ( Fig. 1) has been hypothesized to slow down the ROS-driven autoxidation process [20, 21] , based on the primary kinetic isotope effect (IE). The vibration frequency of the chemical bond between two atoms depends on their masses. Thus, for different isotopes of the same element this vibration parameter will be different, affecting bond cleavage rates: heavier isotopes form stronger bonds. The rate of reaction involving C-H bond cleavage is typically 5 to 10 times faster than the corresponding C-D bond cleavage, because of the twofold difference in the masses of H and D [22] . ROS-mediated autoxidation reactions are a good illustration of the IE, because hydrogen abstraction by an oxidizer is usually the ratelimiting step [19] . IE values of 80-100 were obtained when hydrogen tunneling was part of the enzymatic reaction mechanism [23, 24] , whereas the IE for ROS-driven nonenzymatic oxidation of a bis-allylic CH 2 group in solution was around 6 [25] .
Here we validate this conjecture by making use of a coenzyme Q-deficient yeast model. Nine Saccharomyces cerevisiae genes (COQ1-COQ9) are required for the biosynthesis of coenzyme Q (ubiquinone or Q) [26] . The hydroquinone form of Q (ubiquinol or QH 2 ) is a lipophilic antioxidant as well as an essential electron shuttle in the respiratory chain of the inner mitochondrial membrane [27] . Yeast synthesize only saturated and monounsaturated palmitoleic (16:1, n-7) and oleic (Ole; 18:1, n-9) acids [28] , which are resistant to lipid peroxidation [19] . However, S. cerevisiae readily take up exogenous PUFAs and incorporate them into glycerolipids (up to 50%), with no apparent detrimental effects [28, 29] . In contrast, the Q-less yeast (coq) mutants are exquisitely sensitive to treatment with exogenous PUFAs because they lack Q/QH 2 [30, 31] . QH 2 acts as both a primary chainterminating antioxidant and a coantioxidant reducing the radical form of vitamin E [27] . In this study, we have compared the sensitivity of both wild-type yeast and coq yeast mutants toward various PUFAs deuterated at bis-allylic sites, versus the standard (hydrogen-containing) PUFAs. The results show that site-specific deuterations substantially protect PUFAs from oxidation, suggesting new approaches to controlling ROS-inflicted cellular damage and oxidative stress.
Materials and methods

Synthetic methods
Matrix-assisted laser desorption/ionization time-of-flight mass spectra were recorded on a PE-ABI Voyager Elite delayed extraction instrument. Spectra were acquired with an accelerating voltage of 25 kV and 100-ms delay in the positive-ion mode. HPLC was carried out on a Waters system. Chemicals were from Sigma-Aldrich Chemical Co. (USA), Avocado Research Chemicals (UK), Lancaster Synthesis Ltd (UK), and Acros Organics (Fisher Scientific, UK). Silica gel, thin-layer chromatography plates, and solvents were from BDH/ Merck. Infrared spectra were recorded with a Vertex 70 spectrometer. ( Fig. 1) was performed with modifications of published protocols [32] [33] [34] and is described in the supplementary material.
Yeast strains and media
Yeast strains included the wild-type, W303-1A (MAT a ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1) [30] ; a coq3 null mutant, CC303 (MAT α ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 coq3::LEU2) [30] ; a coq7 null mutant, W303ΔCOQ7 (MAT α ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 coq7::LEU2) [35] ; a coq9 null mutant, W303ΔCOQ9 (MAT α ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 coq9::URA3) [36] ; and an atp2 null mutant, W303ΔATP2 (MAT a ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 atp2::LEU2) [30] . Media were prepared as described [37] and included YPD (1% yeast extract, 2% yeast peptone, 2% dextrose), YPG (1% yeast extract, 2% yeast peptone, 3% glycerol), and YPE (1% yeast extract, 2% yeast peptone, 2% ethanol). Solid plate medium contained 2% Bacto agar. Medium components were obtained from Difco, Fisher, and Sigma.
Fatty acid sensitivity assays
The fatty acids Ole, Lin, and αLnn (99% pure) were from SigmaAldrich. A fatty acid sensitivity assay was used to assess the relative sensitivities of various yeast mutants to oxidative stress [30, 31] . Yeast strains were grown in YPD medium at 30°C and 250 rpm and harvested while in logarithmic phase (OD 600nm = 0.1-1.0). The cells were washed twice with sterile water and resuspended in 0.10 M phosphate buffer, pH 6.2, with 0.2% dextrose, to an optical density of 0.20 OD 600nm . Aliquots (20 ml) were placed in new sterile flasks (125 ml) and fatty acids were added to a final concentration of 200 μM (from stocks prepared in ethanol). After incubation (30°C and 250 rpm) aliquots were removed and viability was ascertained by either colony counting [30] or plate dilution assays. Plate dilution assays were performed by spotting 2 μl of 1:5 serial dilutions (starting at 0.20 OD/ml) onto the designated plate medium. Pictures were taken after 2 or 3 days of growth at 30°C.
Fatty acid uptake and GC-MS detection of fatty acids
Wild-type (W303) yeast were harvested at log phase and resuspended in phosphate buffer (0.10 M sodium phosphate, pH 6.2, 0.2% dextrose) as described for the fatty acid sensitivity assay. Cells (0.20 OD 600nm ) were incubated in the presence of 200 μM fatty acid as designated for either 0 or 4 h. Samples were prepared in duplicate as independent replicates of single fatty acid treatment conditions. Yeast cells were collected by centrifugation (1000 g, 5 min) and washed twice with sterile water and the yeast cell pellets were stored at −20°C (borosilicate centrifuge tube with screw cap) until further processing. Saponification, lipid extraction, and alkaline methanolysis were performed as described [38, 39] with the following modifications. Yeast cell pellets (10 OD 600nm ) were resuspended in 1 ml 20% (w/v) KOH in 1:1 methanol:water in tightly capped borosilicate tubes and incubated in a 100°C water bath for 1 h. Tubes were transferred to ice and allowed to cool, and debris was sedimented by centrifugation (1000 g, 5 min). Supernatants were transferred to new borosilicate tubes and were acidified to pH 2 with 10 drops of 6 N HCl (37.6%) followed by the addition of 2 ml of boron trifluoridemethanol (Sigma). Samples were incubated for 5 min in a 100°C water bath, placed on ice, and extracted. Heptadecanoic acid (C17:0, 200 μg) was added to every sample of saponified yeast cellular extract before addition of boron trifluoride-methanol. Fatty acid methyl esters were extracted with 1 ml of saturated sodium chloride and 2 ml of 1:4 (v/v) chloroform:hexanes. The upper organic layer was transferred to a new borosilicate tube and dried under a stream of nitrogen gas. A calibration curve was prepared concurrently and contained the internal standard and each analyte in the following amounts: 10, 50, 100, 200, and 500 μg. The lipid extracts of the samples and standards were concentrated under nitrogen gas, stored at −20°C, and resuspended in 50 μl of ethyl acetate just before analysis by GC-MS.
Samples were subjected to analyses by GC-MS (Agilent 6890-6975) with a DB-wax column (0. 25 
Rescue of PUFA sensitivity with exogenous antioxidants
Yeast strains were harvested at log phase and resuspended in phosphate buffer (0.10 M sodium phosphate, pH 6.2, 0.2% dextrose) as described for the fatty acid sensitivity assay. Cells (0.20 OD 600nm ) were treated with 200 μM butylated hydroxytoluene (Fluka), vitamin E (Sigma), or the more soluble vitamin E analog Trolox (Cayman Chemicals) before the addition of 200 μM fatty acid as designated, followed by incubation. Cell viability was assessed by colony count.
Preparation of protein extracts
Yeast coq3 null mutants were harvested at log phase and resuspended in phosphate buffer (0.10 M sodium phosphate, pH 6.2, 0.2% dextrose) as described for the fatty acid sensitivity assay. Cells (0.20 OD 600nm ) were incubated in the presence of 200 μM fatty acid as designated for 2 h. Yeast cell pellets (20 OD 600nm ) were collected as described for the fatty acid uptake and GC-MS detection of fatty acids. Protein extraction and derivatization were performed as described [40] with the following modifications: yeast cell pellets were resuspended in 100 μl of 10% glycerol, 2 mM EDTA, and 1 mM protease inhibitor (Roche) and transferred to microcentrifuge tubes. Acid-washed glass beads (175 mg) were added, and cells were lysed by vortexing (five cycles, 20-s vortex, 20 s on ice). The supernatant was collected by centrifugation (18,000 g, 30 min, 4°C) and transferred to a new microcentrifuge tube, and glass beads were washed once with 50 μl of 10% glycerol, 2 mM EDTA, and 1 mM protease inhibitor followed by an identical round of centrifugation. The supernatants were quantified for protein content using a BCA protein assay kit (Thermo Scientific) and then stored at − 20°C until assayed for HNE-protein adducts.
Results
Synthesis of site-specifically deuterated PUFAs
We used monounsaturated Ole (18:1, n-9), Lin (18:2, n-6), and αLnn (18:3, n-3) hydrogenated or deuterated at bis-allylic positions (Fig. 1) . Modifications of the published protocols [32, 33] were used to synthesize 11,11-D 2 -Lin. Syntheses of 11,11-D 2 -αLnn, 14,14-D 2 -αLnn, and 11,11,14,14-D 4 -αLnn were carried out using modifications of an earlier described method [34] , as described in the supplementary material. The structures and purity of the deuterated PUFAs were confirmed by 1 H and 13 C NMR (Fig. 2) .
GC-MS separation and yeast uptake of PUFAs
Yeast take up exogenous PUFAs and incorporate them into phospholipids [28, 29] . We expected that deuterated PUFAs would also be readily taken up by yeast, as the bis-allylic positions are not involved in incorporation reactions. To validate this, the extent of uptake of Lin, D 2 -Lin, αLnn, and D 4 -αLnn was monitored by GC-MS. We first determined the conditions of separation of the fatty acid methyl esters (FAMEs) of Ole, Lin, D 2 -Lin, αLnn, D 4 -αLnn, and C17:0 (heptadecanoic acid, used as an internal standard). The GC-MS chromatogram established both separation and sensitivity of detection of these fatty acid methyl ester standards. The fatty acids from WT (W303) yeast are detected as FAMEs after GC-MS (Fig. 3A) . The amounts of Lin, D 2 -Lin, αLnn, and D 4 -αLnn detected after 4 h incubation (determined from the calibration curve) indicate that yeast avidly take up each of these PUFAs during the 4-h incubation period (Fig. 3B) .
Q-less yeast (coq mutants) provide a simple model to assess in vivo autoxidation of fatty acids
Previous studies have shown the coq yeast mutants are hypersensitive to treatment with PUFAs [30, 31] . Yeast coq mutants treated with αLnn show a profound decrease in viability as revealed by plating dilutions of cells onto rich growth medium (Fig. 4) . The sensitivities of the various strains can be observed by visual inspection of the density of cells in each spot. The hypersensitivity of the Q-less yeast mutants is not a secondary effect of the inability to respire because atp2 mutant yeast (lacking the ATP synthase) show wild-type resistance to PUFA treatment (Fig. 4) [30, 31] . In contrast, the coq mutants show enhanced viability after treatment with the isotope-reinforced 11,11,14,14-D 4 -αLnn, indicating this isotope-reinforced PUFA is much less toxic to the coq mutants.
To assess the number of viable cells remaining after treatment with the various PUFAs, samples of yeast were examined by a colony counting assay and the colony-forming units determined. These assays revealed that the viability of cells treated with oleic acid and deuterated PUFAs was similar, whereas the viability of the coq3 mutants was reduced more than 100-fold after treatment with αLnn for 4 h (Fig. 5) . The viability of the coq mutants was reduced more than 100-fold after treatment with Lin and more than 1000-fold after treatment with αLnn for 10 h (Fig. 6) . Thus, treatment with either Lin or αLnn acid causes dramatic loss of viability of the coq null mutants. In stark contrast, coq mutants treated with any of the deuterated PUFAs retain viability similar to yeast treated with oleic acid. These results indicate that isotope-reinforced PUFAs are much more resistant to autoxidation than are the standard PUFAs, as evidenced by the resistance of the hypersensitive coq mutants to cell killing.
Hypersensitivity of coq3 mutant yeast to PUFA treatment is rescued by antioxidants
The ability of free radical scavengers to protect yeast coq mutants from PUFA-mediated oxidative stress provided strong evidence that autoxidation products of PUFAs were responsible for initiating cell killing [30] . To determine whether antioxidants showed similar efficacy in the present experiments, butylated hydroxytoluene (BHT), vitamin E, or trolox (a soluble analog of vitamin E) were added to yeast immediately before the addition of either Lin (Fig. 7A) or αLnn (Fig. 7B) . Each of the antioxidants resulted in a dramatic increase in the number of survivors, indicating that the PUFAmediated cell killing was rescued by a variety of chain-breaking antioxidants.
Heat-stressed wild-type yeast are sensitive to treatment with standard-but not deuterated-PUFAs
Wild-type yeast are not sensitive to treatment with PUFAs [30, 31] when cultured under standard conditions and at 30°C. However, a substantial decrease in viability is evident when wild-type yeast are incubated with PUFAs at elevated temperature (37°C; Fig. 8 ). The sensitivity of the wild-type yeast is probably due to the increased oxidative stress caused by elevated temperatures [41] . In contrast, The 1 H NMR spectrum shows that the H atoms at the C11 and C14 positions of site-specifically deuterated αLnn coincide (δ H 2.801); thus deuteration at either site (11,11-H 2 , 14,14-D 2 or 11,11-D 2 , 14,14-H 2 ) leads to a 50% decrease in the integration of this peak, whereas deuteration of both sites (11,11,14,14-D 4 ) leads to the complete disappearance of the peak at δ H 2.801. However, 13 C NMR experiments can clearly distinguish between the three deuterated forms, as the observed peaks for the C11 and C14 positions are separated by a small but detectable difference. Thus, the deuteration at either C11 or C14 leads to the disappearance of the peak at δ C 25.68 or δ C 25.60, respectively, whereas the deuteration at both sites leads to the disappearance of the two corresponding peaks.
wild-type yeast show enhanced viability after identical treatment with the isotope-reinforced 11,11-D 2 -Lin, 11,11-D 2 -αLnn, 14,14-D 4 -αLnn, or 11,11,14,14-D 4 -αLnn, indicating the isotope-reinforced PUFAs are much less toxic to the wild-type yeast.
To examine whether the heat plus PUFA stress impaired mitochondrial function, wild-type yeast were plated onto medium requiring fermentation or respiratory metabolism. The number of survivors was assessed after plating on rich medium containing dextrose (YPD), as a fermentable carbon source, or ethanol or glycerol (YPE or YPG, respectively) as nonfermentable carbon sources. The results indicate that the number of colony-forming units observed on YPD plate medium is indistinguishable compared to any of the nonfermentable carbon sources (Fig. 9) . The results suggest that heat plus PUFA stress influences yeast cell viability as assayed on either fermentable or nonfermentable carbon sources. Because antioxidants rescued the sensitivity of heat-stressed wild-type yeast treated with Lin (Fig. 10) , it is apparent that autoxidation products of PUFAs were responsible for initiating cell killing in the heat-stressed wild-type yeast.
Discussion
Of the many cellular components damaged by oxidative stress, PUFAs comprise some of the most sensitive and vulnerable cellular targets [42] . Generally, the rate of nonenzymatic, ROS-driven peroxidation of PUFAs increases with the degree of unsaturation of the fatty acid [3, 25, 43] , although there are exceptions [44] . Initial steps of peroxidation are well understood, with hydrogen abstraction at position 11 of Lin being the rate-limiting first step [19, 45] . For αLnn, hydrogen abstraction can proceed at either position 11 or position 14. This is followed by the formation of hydroperoxides and eventually results in generation of HNE or 2-hydroxyheptanal from Lin. αLnn predominantly generates MDA (initial hydrogen abstraction at position 11) and HHE (abstraction at position 14) as major products [46] . These pathways are complex [47] , and the exact mechanisms of formation of α,β-unsaturated carbonyl compounds or other reactive carbonyl compounds from PUFAs are still debatable [48] [49] [50] . Many other reactive products of PUFA peroxidation have been detected and differ in their toxicity [46] .
PUFAs such as Lin and αLnn are toxic to coq mutant (Q-deficient) yeast strains. This is due to autoxidation products of PUFAs that form in the absence of Q/QH 2 , a lipid-soluble chain-terminating antioxidant [30] . The coq mutant cells can also be rescued by supplementation with a variety of other chain-terminating antioxidants. In mammalian cells, Lin, αLnn, and other PUFAs are substrates for complex enzymatic systems that oxidize PUFAs, converting them into a variety of lipid mediators. Both n-6 and n-3 PUFAs undergo such enzymatic transformations (cyclooxygenase pathway, lipoxygenase pathway, etc.), giving rise to several classes of signaling moieties such as prostaglandins and leukotrienes [51] . S. cerevisiae lack these enzymatic oxidation pathways and synthesize only monounsaturated fatty acids. However, S. cerevisiae readily take up exogenous free fatty acids by import and activation to form fatty acyl-CoA's, which are then used as substrates for lipid synthesis or in β-oxidation for energy production [52] . PUFA-supplemented yeast thus represents a simple model for studying ROS-driven peroxidation pathways.
We used the Q-less coq mutant yeast strains to test whether PUFAinduced oxidative stress could be allayed by deuterated PUFAs reinforced with heavy stable isotopes (deuterium atoms) at oxidation-prone bis-allylic sites. The results show that D 2 -Lin and D 4 -αLnn are taken up by yeast with efficiency similar to that of hydrogencontaining (standard) PUFAs. No toxicity was observed, although it will be important to test this in an animal model. The toxicity of heavy water [53] is unlikely to be relevant in any case because it is associated with exchangeable protons. Nonexchangeable deuterium atoms are not toxic as long as they are not released in the form of D 2 O in high concentrations. Moreover, the Q-less yeast incubated with the sitespecifically deuterated PUFAs no longer exhibit hypersensitivity. In fact, the Q-less yeast are as resilient to D-PUFAs as they are to treatment with Ole, a monounsaturated fatty acid known to be much less prone to autoxidation.
To further explore the site-specific reinforcement of αLnn, derivatives of αLnn deuterated at either position 11 or position 14 were compared with the tetra-deuterated 11,11,14,14-D 4 -αLnn. Our finding that 11,11-and 14,14-D 2 -αLnn are similarly nontoxic compared to D 4 -αLnn is consistent with the proposed mechanism of intermolecular cross-linking of PUFAs within the membrane [50] . Partial isotope protection of PUFAs should slow down this crosslinking, decreasing the lipid membrane damage and the reactive carbonyl formation. Individual yeast cells of the same culture are known to vary by up to fivefold in their content of antioxidant proteins [54] , and this might also make a 50% difference in toxicity between D 2 -αLnn and D 4 -αLnn difficult to detect. However, both 11,11-and 14,14-D 2 -αLnn are profoundly protective compared to Lin, even though these PUFAs have the same number of bis-allylic The peak areas of each of the FAMEs corresponding to Lin, D 2 -Lin, αLnn, and D 4 -αLnn (dark or light colors designate FAME and time as shown in A) were corrected for the recovery of the C17:0 internal standard and quantified with a calibration curve. Two aliquots of yeast cells at each time point (0 h, dark color; 4 h, light color) were processed for determination of FAME, and the quantity is depicted as average ± SD. The FAME content is significantly different at 4 h compared to 0 h as determined by the two-sample t test [65] ; *p b 0.01; **p b 0.05. Results are representative of two independent experiments. hydrogens. We note that the oxidation products formed by Lin (an n-6 PUFA) and αLnn (an n-3 PUFA) are distinct, as Lin will generate 4-HNE, whereas αLnn will produce HHE [9, 55] . Although both HNE and HHE are 4-hydroxy-2-alkenals, there is a growing body of evidence that HHE may have distinct biological effects compared to 4-HNE [9] . 4-HNE is more reactive with phosphatidylethanolamine and forms protein adducts more readily than HHE [8, 10] , whereas certain cellular targets seem more sensitive to HHE [9, 10] . Because our assay is one of cell survival, it seems apparent that the differential cell killing is not a result of the number or even the placement of bis-allylic H, but rather must derive from the interaction of particular autoxidation products (derived from n-3 and n-6 PUFAs) with cellular targets.
The protection observed in these studies is surprisingly robust compared to the reported values for nonenzymatic D 2 -Lin oxidation in solution (kinetic isotope effect of approximately sixfold) [25] . In this homogeneous non-chain-reaction example [25] , an equimolar composition of reactants provides a ROS moiety for every molecule of D 2 -Lin. However, in the heterogeneous membrane autoxidation chain reaction, neighboring lipid peroxyl radicals carry out further peroxidations [19] . Thus, the presence of 4 . Sensitivity of coq null mutants to treatment with αLnn is abrogated by isotope reinforcement. Yeast Q-less coq3, coq7, and coq9 null mutants or the Q-replete respiratorydeficient atp2 null mutant were grown in YPD medium and harvested while in log-phase growth (OD 600nm = 0.1-1.0). Cells were washed twice with sterile water and resuspended in phosphate buffer (0.10 M sodium phosphate, pH 6.2, 0.2% dextrose) to an OD 600nm = 0.2. Samples were removed and 1:5 serial dilutions starting at 0.20 OD/ml were spotted on YPD plate medium, to provide a zero-time untreated control (top left). The designated fatty acids were added to 200 μM final concentration to 20 ml of yeast in phosphate buffer. At 2, 4, and 16 h samples were removed, and 1:5 serial dilutions were prepared and spotted onto YPD plate medium. Pictures were taken after 2 days of growth at 30°C. This image is representative of two independent assays. This would be the case if the deuterium-containing radical was stabilized relative to hydrogen.
In contrast to the Q-less coq mutants, we found that wild-type yeast are quite resistant to treatment with exogenously added PUFAs, consistent with previous results [30, 52] . S. cerevisiae conditionally expressing a Δ12 fatty acid desaturase (from the rubber plant Hevea brasiliensis) can be induced to form 9,12-hexadecadienoic acid, C16:2 (n-4), and Lin [58] . The presence of these endogenously produced PUFAs did not alter yeast growth or morphology. However, the PUFAsynthesizing yeast did show increased sensitivity to oxidative stress, induced by treatment with paraquat, tert-butylhydroperoxide, or hydrogen peroxide. Low levels of HNE-modified protein adducts were detected in the PUFA-containing yeast (but not in wild-type yeast cells), and HNE levels increased after hydrogen peroxide-induced oxidative stress of the PUFA-containing yeast [58] . Yeast cells expressing the Δ12 fatty acid desaturase over the long-term culture showed enhanced resistance or adaptation [59] . Such adaptation was shown to require peroxisomal catalase activity, consistent with the idea that resistance to oxidized PUFAs may require metabolism of lipid autoxidation products by yeast peroxisomes.
Our results presented here show that wild-type yeast subjected to heat stress (37 or 39°C) are rendered sensitive to PUFA treatment. Cells subjected to elevated temperature show accelerated mitochondrial respiration and enhanced ROS production [41, 60] . Heat-induced Fig. 5 . Yeast coq3 mutants treated with isotope-reinforced D 4 -αLnn are profoundly resistant to PUFA-mediated cell killing. The fatty acid sensitivity assay was performed as described for Fig. 4 except that three 100-μl aliquots were removed at 1, 2, and 4 h and, after dilution, spread onto YPD plates. Pictures were taken after 2 to 2.5 days, and the number of colony-forming units (CFU) determined the percentage survival (average ± SD). Yeast strains include wild type (circles), atp2 (triangles), or coq3 (squares); fatty acid treatments are designated by color and include Ole (white), αLnn ROS are thought to be responsible for cellular damage upon exposure to heat stress [61] . Wild-type yeast treated with Lin or αLnn are much more sensitive to heat stress compared to untreated or Ole-treated cells. In contrast, heat-stressed wild-type yeast are resistant to treatment with the isotope-reinforced D 2 -Lin or D 4 -αLnn. Addition of exogenous antioxidants rescued heat-stressed PUFA-treated wildtype yeast, indicating that the toxicity derives from lipid autoxidation reactions. These results suggest that the protection afforded by the isotope-reinforced PUFAs is not unique to the coq mutant yeast, but is rather a general property that can be extended to stressed cells containing a normal complement of antioxidant defense mechanisms. Recent studies show that Lin or αLnn provided exogenously to yeast are present in mitochondrial lipids, including phosphatidyl choline, phosphatidyl ethanolamine, and cardiolipin [62, 63] . Mitochondria isolated from PUFA-treated wild-type yeast and subjected to ferrous-induced stress showed enhanced lipid peroxidation products compared to mitochondria isolated from untreated yeast [62] . In these same PUFA-laden yeast mitochondria, decreased electron transfer was observed mainly at cytochrome b in complex III, and ROS were attributed to an electron leak at the Qo site of complex III [62] . Although wild-type yeast were not killed by PUFA treatment under standard culture conditions, yeast mutants with dysregulation of lipid metabolism were hypersensitive [63] . For example, yeast mutants harboring multiple defects in esterification of free fatty acids and sterols were profoundly sensitive to treatment with Lin or αLnn compared to Ole [63] . Evaluating the protection afforded by isotopereinforced PUFAs in this lipid dysregulation model might help to distinguish the toxicity resulting from lipid peroxidation and from the lipotoxic effects elicited by "unsaturated fatty acid overload" [64] .
Lin and αLnn are essential fatty acids for animals. Thus animals should have the mechanisms in place to assimilate isotope-reinforced D 2 -Lin and D 4 -αLnn provided as supplements. The results obtained here suggest a potential medicinal application for the reinforced PUFAs in cases in which oxidative stress is involved in disease etiology. Fig. 8 . Heat-stressed wild-type yeast are sensitive to standard PUFAs but resistant to treatment with isotope-reinforced PUFAs. Yeast sample preparation was as described for Fig. 4 , except that incubations with the designated fatty acids proceeded for 5 h at either 30 or 37°C, and dilutions were plated on YPD. A 0-h control is shown at the top. Results are representative of two independent experiments. Fig. 9 . Heat-stressed wild-type yeast are sensitive to PUFA-mediated oxidative stress as measured by colony survival on various carbon sources. Yeast sample preparation was as described for Fig. 8 , except that incubations with the designated fatty acids proceeded for 2 h at 39°C. Three 100-μl aliquots were removed, and dilutions were prepared and were plated on YPD (white), YPG (blue), or YPE (green) solid medium to determine CFU (average ± SD). The number of CFU in untreated wild-type cells was set at 100%. Fig. 10 . Antioxidants rescue the sensitivity of wild-type yeast to heat stress plus PUFA treatment. Wild-type yeast were treated as described for Fig. 9 , except that 200 μM antioxidant was added before the addition of 200 μM Lin. Three 100-μl aliquots were removed at 3 h, and dilutions were prepared and spread onto YPD plates to determine CFU (average ± SD). Antioxidants afforded significant rescue of the wild-type sensitivity to Lin treatment (*p b 0.0001). Statistical analyses were as described for Fig. 5 . Results are representative of two independent experiments.
